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We describe the ultra-fast and sensitive detection of the gene encoding the protective antigen of
Bacillus anthracis the causative agent of anthrax. Our approach employs a highly novel platform
technology, Microwave-Accelerated Metal-Enhanced Fluorescence (MAMEF), which combines
the use of Metal-Enhanced Fluorescence to enhance assay sensitivity and focused microwave
heating to spatially and kinetically accelerate DNA hybridization. Genomic and exosporium
target DNA of Bacillus anthracis spores was detected within a minute in the nanograms per
microliter concentration range using low-power focused microwave heating. The MAMEF
technology was able to distinguish between B. anthracis and B. cereus, a non-virulent close
relative. We believe that this study has set the stage and indeed provides an opportunity for the
ultra-fast and specific detection of B. anthracis spores with minimal pre-processing steps using a
relatively simple but cost-effective technology that could minimize casualties in the event of
another anthrax attack.

Introduction
The nature of bio-terrorism is such that an aggressor is likely
to strike at a time and place calculated to induce maximum
terror through mass casualties. In the absence of specific
intelligence, real-time detection and diagnostic assays are
essential tools in managing the consequences of an attack.
Unfortunately, traditional laboratory-based assays can take
several days to produce definitive results. In the context of a
biological attack, this is an unacceptable delay if resulting
casualties are to be minimized. The need for ‘real-time’ (,60
min) detection has led to the development of technologies
based on DNA (PCR) and protein (antibody) targets1 which,
while relatively quick, suffer from the need for additional
sample processing – to remove inhibitory compounds such as
blood – and the amplification steps.2 The ideal detector would
be a device that is simple to use, hand-held, extremely rapid,
and inexpensive, combines high specificity with sensitivity in
the presence of organic material such as blood, and is also
capable of detecting more than one agent.
The credentials of Bacillus anthracis, the causative agent of
anthrax, as a bio-terror agent were confirmed by the 2001
postal attacks in the USA. The organism is able to infect via
the aerosol route with a reported mortality rate in untreated
individuals of .80%.3,4 Early treatment is essential as animal
studies suggest that the disease reaches a point at which
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antibiotics are no longer effective due to the accumulation of a
lethal level of toxin.5,6 The bacterium produces a tripartite
toxin consisting of two enzymatically active subunits – lethal
factor (LF) and edema factor (EF) – which combine with the
protective antigen (PA), the non-toxic cell-binding component,
to form lethal toxin (LeTx) and edema toxin, respectively.7
Given the central role of this toxin in pathology, the ability to
quickly detect the presence of PA or the gene encoding it in a
biological sample would enable clinicians to institute timely
treatment and thus minimize the number of casualties
sustained in the event of a biological attack.
In this regard, one can find many new approaches to faster
detection of B. anthracis using a variety of techniques
including Surface-Enhanced Raman Spectroscopy,8,9 colorimetric detection based on specific aggregation gold nanoparticles,10,11 fluorescence polarization12 and fluorescence
resonance energy transfer (FRET) in the literature.13
However, all of these assays still require incubation times in
excess of minutes. Recently, a new platform technology called
Microwave-Accelerated
Metal-Enhanced
Fluorescence
(MAMEF), that produces definitive results for the fluorescence-based bioassays within a few seconds, was introduced
and demonstrated for the ultra-fast and sensitive detection of
proteins14,15 and DNA hybridization assays.16 MAMEF
technology couples the benefits of two technologies: (i)
Metal-Enhanced Fluorescence (MEF) which increases the
sensitivity of fluorescence-based bioassays,17–19 and (ii) lowpower microwave heating which reduces the bioassay run time
by kinetically accelerating the biological recognition events
localized around the surface-bound nanostructures. The
benefits of MEF can be visually demonstrated (Fig. 1a): a
greater fluorescence emission is observed from fluorophores in
close proximity to silver nanoparticles as compared to
unsilvered glass. This phenomenon is due to the enhancement
of fluorescence emission by the silver nanoparticles (that is,
This journal is ß The Royal Society of Chemistry 2007

APS-coated glass slides (75 6 25 mm) were obtained from
Sigma-Aldrich.
Bacterial strains: the Sterne, 34F2 strain of Bacillus
anthracis, an attenuated variant employed extensively as an
animal vaccine, a germination-deficient variant (DgerH) of B.
anthracis Sterne 34F224 and the B. cereus-type strain ATCC
1457925 were obtained from the Biological Defense Research
Directorate, Naval Medical Research Center, Silver Spring,
MD. Organisms were stored in 10% glycerol L broth at 20 uC.
Difco L agar and Difco L broth were obtained from Becton
Dickinson and Company (Becton Drive, Franklin Lakes, NJ)
and made up as per the manufacturers’ instructions.
Methods

Fig. 1 (a) Photographs: silver island films (SiFs)-deposited glass
substrate and real color emission of TAMRA on glass and SiFs taken
through a 532 nm notch filter. (b) Current description of the metalenhanced fluorescence (MEF) phenomenon whereby fluorescence
emission from the fluorophores is partially plasmon coupled and the
system (fluorophore and SiFs) radiates. TAMRA: tetramethylrhodamine.

MEF): the excited fluorophores partially transfer their energy
to the silver nanoparticles where it is efficiently radiated and
the emission from the fluorophore–silver ‘system’ becomes
greater than the emission from fluorophores alone, i.e.
amplified (Fig. 1b).20 It is this unique combination of
enhanced fluorescence emission and a significantly reduced
bioassay run time that makes MAMEF a very powerful
technology for fluorescence-based, ultra-fast and sensitive
bioassays.14 A unified description of MEF has recently been
postulated by Geddes and co-workers.21
In this paper, we present the ultra-fast and sensitive
detection of target DNA encoding a region of the PA gene
essential for biological activity, using the MAMEF platform
technology. Employing this approach we are able to detect the
presence of nanogram per microliter quantities of target DNA
in a purified total genome extract within 30 s. We also
determined the ability of the assay to detect target DNA on the
surface of spores, the form of the organism most likely to be
encountered during a biological attack. The feasibility of using
PCR to detect DNA targets on the surface of unprocessed B.
anthracis spores has been demonstrated with detection times of
between 1 and 2 h and a sensitivity limit of 102 spores per
reaction.22,23 Using MAMEF, we detected the presence of
nanogram per microliter levels of target DNA in isolated spore
surface extracts within 30 s. Moreover, the assay was able to
distinguish between B. anthracis and B. cereus, a non-virulent,
genetic close relative.

Experimental
Materials
Silver nitrate (99.9%), sodium hydroxide (99.996%), ammonium hydroxide (30%), D-glucose and premium quality
This journal is ß The Royal Society of Chemistry 2007

Design of anchor and fluorescent probes. Probes specific for a
highly conserved region within the gene encoding PA were
designed using the sequence published by Welkos et al.26
(GenBank Accession No. M22589). The anchor and fluorophore-labeled probes were designed to bind to the negative
strand (Fig. 2b). The region of homolog of the anchor probe
comprised 17 nucleotides (nt) from 3943–3959 (Welkos’s
numbering scheme). This region of homolog was preceded
by a run of 10 consecutive Ts which were included to increase
the flexibility of the probe when bound to the silver surface.27
This was achieved by the inclusion of a C at the terminal of the
probe to which a thiol group was added. The fluorophorelabeled probe consisted of a region of 22 nucleotides
homologous to the sequence at positions 3970–3391. A
TAMRATM NHS Ester Dye was attached to the first
nucleotide which corresponded to position 3970. To aid assay
development the target region was also synthesized. Probes
and the target sequence were purchased from IDT (Coralville,
IA).
Genomic DNA extraction. Bacteria of the Sterne 34F2 strain
of B. anthracis were grown in Brain Heart Infusion (BHI)
broth and genomic DNA extraction was carried out using a
Wizard Genomic DNA extraction kit (Promega Corp,
Madison, WI) following the manufacturer’s recommended
procedures. The concentration and purity of the DNA were
determined by absorbance measurements.
Production of anthrax spores. Spores of a germinationdeficient variant (DgerH) of B. anthracis Sterne 34F2 and the
B. cereus-type strain ATCC 14579 were prepared as previously
described.28 Briefly, a single colony harvested from an overnight culture grown on L agar at 37 uC were used to inoculate
100 mL of L broth in a 250 mL Duran bottle. The culture was
incubated at 37 uC on an orbital shaker (200 rpm) for 6 h. At
the end of this period, 3 mL of culture was transferred to a 225
mL vented tissue flask (Corning Inc) containing 12 mL
isolation agar. The inoculation flasks were incubated at 30
uC until 99–100% of the organisms had formed endospores
(microscopic examination/phase contrast). The percentage
spore yield was determined by comparing colony counts of
heated (70 uC for 20 min) and unheated samples. Endospores
were harvested by adding 20 mL of sterile phosphate buffered
saline (PBS) to the flask. The re-suspended endospores from 20
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Fig. 2 (a) Experimental design depicting the organization of the DNA oligomers on silver island films (SiFs) used for the detection of B. anthracis.
(b) Specific sequence of the DNA oligomers used. In order to minimize the non-specific adsorption of oligomers the glass and SiFs were treated
with succinic anhydride and 2-amino(ethoxy)ethanol, respectively.

flasks were pooled and centrifuged at 4200 rpm for 10 min at
4 uC. The resulting pellet was re-suspended in 200 mL of sterile
PBS and centrifuged. This process was repeated a further ten
times to remove material loosely associated with the spore
surface.
Isolation of exosporium. The exosporium was removed from
the surface of washed spores by sonication.29,30 In this regard,
first the spores were centrifuged at 10 000 g for 10 min at 4 uC.
Pellets were re-suspended to approximately 3 6 107 spores
mL21 in 50 mM Tris-HCl, 0.5 mM EDTA buffer (pH 7.5). All
subsequent manipulations were at 4 uC. Spores were sonicated
(Branson Sonifier 150; Branson Ultrasonics Co., Danbury,
CT) with maximum power (amplitude, 12 mm; 10 min/50 W)
for seven one-minute bursts, each separated by 2 min of
cooling on ice.29 This causes partial fragmentation of the
exosporium without disrupting the integrity of the spore.29
Exosporium fragments were separated from spores by
centrifugation at 9000 g for 15 min at 4 uC. The spore pellets
were washed once in PBS, and the exosporium-containing
supernatants were pooled and then centrifuged again to
remove the remaining spores. Any residual endospores in the
exosporium-containing supernatant were removed by filtration
through 0.45 mm and/or 0.2 mm low-protein-binding filters
(Acrodisc syringe filter; Pall Co., Timonium, MD).
Formation of silver island films (SiFs) on glass substrates.
SiFs were prepared according to the procedure published
previously.14
Preparation of the MAMEF assay platform for ultra-fast
detection of B. anthracis DNA. Firstly, in order to prevent the
non-specific binding of target DNA and fluorescent probe on
the part of the glass slides not covered by silver nanoparticles,
all free glass surface amino groups were blocked with freshly
prepared succinic anhydride solution (0.156 M in 1-methyl-21132 | Analyst, 2007, 132, 1130–1138

pyrrolidone, 20 mM borate buffer pH 8.0) for 15 min at room
temperature, followed by rinsing with deionized water. SiFsdeposited glass slides were then coated with self-adhesive
silicon isolators containing 5 mm-wide circular wells prior to
the assay fabrication and subsequent fluorescence experiments.
500 nM of thiolated anchor probe (Fig. 2b) was incubated
overnight at 4 uC on the surface of SiFs-deposited glass slides
in Hepes buffer (5 mM Hepes, pH 7.5, with final concentrations of 100 mM KCl, 0.25 mM EDTA, this buffer was used in
all the experiments unless otherwise stated) followed by rinsing
with water to remove the unbound material. The thiolated
anchor probe was covalently linked to SiFs via wellestablished, self-assembled monolayer chemistry.31 Further
surface modification procedures were employed to minimize
the non-specific binding of target DNA and the fluorescent
probes on to silver nanoparticles, where the anchor probemodified silver nanoparticles were treated with a 50 mM
aqueous solution of 2-amino(ethoxy)ethanol (AEE) for 2 h.
Unbound material was removed by extensive washing. This
step significantly reduces the non-specific binding when
compared to the previous DNA hybridization data where
silver nanoparticles were not treated with AEE.16
MAMEF-based B. anthracis DNA assays using a microwave
cavity. The MAMEF-based DNA capture assay was performed by the incubation of varying concentrations of target
DNA (synthetic, genomic or exosporium) mixed with
TAMRA-labeled fluorescent probe (Fig. 2b) on the anchor
probe immobilized on SiFs, in Hepes buffer for 30 s in a
microwave cavity (a 0.7 cu ft, GE Compact Microwave Model:
JES735BF, max power 700 W). In order to determine the
extent of non-specific binding of target DNA mixed with
TAMRA-labeled fluorescent probe, an aliquot of the mixture
was incubated on the SiFs surface without the thiolated anchor
probe for 30 s in a microwave cavity. Experiments pertaining
to the non-virulent strain B. cereus were performed the same
This journal is ß The Royal Society of Chemistry 2007

The conversion of silver-deposited glass surfaces into
MAMEF assay platforms for the ultra-fast detection of the
Bacillus anthracis target DNA was achieved by attaching an
anchor probe specific to the DNA target after the preparation
of silver island films (SiFs) on glass surfaces (Fig. 2a). The
anchor probe was designed to recognize a nucleotide sequence
within the negative strand of the PA gene26 at a region which
encodes an area of the protein essential for its biological
activity, including a sulfhydryl group at one end (Fig. 2b). The
basic attachment chemistry is similar to that used for surface
plasmon resonance gold chips37,38 and is based on the
interaction of silver and sulfhydryl groups on the anchor
probe. In order to increase the efficiency of binding of the
anchor to the target DNA, at the sulfhydryl end a sixnucleotide region, with the inherent flexibility and which does
not bind to the target anthrax DNA, made of thymidines27 was
added. In addition, to increase the sensitivity of the assay by
reducing the undesired binding of DNA to the assay platform,
additional surface modification procedures were employed.
These procedures involved the treatment of the unsilvered glass
and silver surface by chemicals that resisted non-specific
binding of DNA.

within the PA gene (Fig. 2b), and as a consequence they should
also be able to bind mRNA transcribed during gene
expression, thus increasing the sensitivity of the assay for
bacterial lysates.
It is important to note that the silver nanoparticles serve as
(i) a platform for the attachment of the anchor probe, (ii) an
enhancer of the fluorescence emission,17 and (iii) a mediator
for the localized delivery of the microwave energy that
significantly speeds up the hybridization process due to
localized heating.14 The preferential heating of the silver
nanoparticles by microwaves is attributed to localized heating
as previously described40,41 and only results in a minimal
increase in the temperature of the bulk medium.
The MAMEF-based ultra-fast detection of B. anthracis
DNA was first demonstrated using synthetic target DNA in
the nanomolar concentration range. Concentration-dependent
fluorescence emission data (Fig. 3a) obtained after only 30 s of
microwave heating show an intensity increase as increasing
concentrations of target DNA are hybridized on the surface
assay platform. The increase in emission intensity is also
captured visually (Fig. 3b). Control experiments, where the
surface-bound anchor probe is omitted, shows minimal
emission intensity (less than that of a normal assay) despite
the fact that the concentration of target DNA is increased
(Fig. 3c). A plot of the intensity at the peak of orange emission
(at 585 nm) for the data obtained in the assay and the control
experiment (Fig. 3d) shows that the emission intensity at
585 nm is directly related to the solution target DNA
concentration for values from 2 to 500 nM.
There are several key features of the data obtained for
synthetic target DNA. First, the applicability of the MAMEF
technology to a three-piece DNA detection system (one
capture, one detector and the target DNA) without any
modifications to the target DNA sample was demonstrated.
Second, through control experiments the design of the assay
platform was proven to be effective in minimizing the nonspecific binding of target DNA to the surface. Third, our data
show that target DNA can be detected with a signal-to-noise
ratio .3 for concentrations down to 5 nM in less than 30 s.

Ultra-fast detection of synthetic target DNA

Ultra-fast detection of B. anthracis genomic DNA

The detection of synthetic target DNA was carried out in a
single step. A 30 mL aliquot of target DNA and a fluorescent
probe that recognizes a region of the target DNA different
from the anchor probe was pipetted on to the MAMEF assay
platform, which was then microwave heated for 30 s. At the
end of the 30 s microwave heating, the target DNA, the
fluorescent and the anchor probe were hybridized (Fig. 2a),
resulting in an orange emission at 585 nm (Fig. 1a) when
excited with a green laser line (532 nm).
The intensity of the orange emission at 585 nm is directly
related to the concentration of the target DNA. The
fluorescent probe was designed to be placed very close to the
silvered surface (31 nucleotides away) within the enhancement
region (.10 nm) of the silver nanoparticles,39 when hybridized
with the target DNA (Fig. 2a). An important feature of the
design of the anchor and fluorescent probes is that they are
designed to bind to the negative strand of the target sequence

Genomic DNA extracted from a vegetative culture of the
Sterne strain of B. anthracis using standard DNA extraction
procedures gave a positive signal using the MAMEF assay in
the picogram per microliter concentration range. It is
important to note the physical differences between the
synthetic and genomic DNA: the synthetic DNA comprised
a discrete 47 nucleotide sequence designed to maximize
interaction with the probes. In contrast, the genomic DNA is
a complex mixture of random length DNA pieces including
fragments containing the same 47 nucleotide sequence as
the synthetic DNA, but surrounded by flanking DNA which
could potentially hinder binding to detection probes.
The detection procedure for the genomic target DNA was
identical to the procedure employed for the detection of the
synthetic target DNA. A small volume of sample containing
genomic DNA and the fluorescent probe was pipetted on to
the assay platform and microwave heated for 30 s.

way. The power setting of the microwave cavity was set to 2,
which corresponded to 140 W over the entire cavity. This
power is similar to the previous reports using low-power
microwaves for immunolabeling,32 immunostaining,33 in
immunocytochemistry34 and histological microwave processing.35,36
Fluorescence spectroscopy. All fluorescence assay measurements were performed by collecting the emission intensity
through a long-pass filter (532 nm) perpendicular to the assay
surface, after total-internal reflection evanescent wave excitation, using a 532 nm diode laser and a Fiber Optic
Spectrometer (HD2000) from Ocean Optics, Inc.

Results and discussion
Assay design and characteristics
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Analyst, 2007, 132, 1130–1138 | 1133

Fig. 3 (a) Emission spectra of TAMRA-oligo as a function of concentration after 30 s of low-power microwave heating. (b) Photographs showing
the increased emission intensity visually as a function of TAMRA-DNA concentration after 30 s of low-power Mw heating. (c) A control sample
identical to the top-left panel but with no surface-bound anchor probe. (d) Semi-logarithmic plot of the fluorescence emission intensity at 585 nm
for the TAMRA-oligo as a function of the target synthetic DNA concentration from the left two panels [(a) and (c)].

Concentration-dependent fluorescence emission data (Fig. 4a)
show an increase in emission intensity as the concentration of
genomic DNA is increased. Control experiments, where the
anchor probe is omitted to determine the extent of non-specific

binding of genomic DNA, show that undesired binding to the
assay platform was less than the lowest detection limit of the
assay, or 40 pg mL21 (Fig. 4b). A plot of the emission intensity
for the assay and the control experiment shows that the

Fig. 4 (a) Emission spectra of TAMRA-oligo as a function of concentration after 30 s of low-power microwave heating with genomic target DNA
(B. anthracis). (b) A control sample identical to the top-left panel but with no surface-bound anchor probe. (c) Plot of the fluorescence emission
intensity at 585 nm for TAMRA-oligo as a function of the target genomic DNA concentration from the top two panels. Sample volume was 30 mL
in all experiments.
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emission intensity at 585 nm is directly related to the solution
genomic DNA concentration for values from 40 to 4500 pg
mL21 (Fig. 4c).
Ultra-fast detection of target DNA on the surface of B. anthracis
spores
We have also determined the ability of the assay to detect
target DNA on the surface of anthrax spores, the form of the
organism most likely to be encountered during a biological
attack. The spore is constructed inside the vegetative
bacterium and is thus covered with cellular debris derived
from the mother cell containing cellular proteins, carbohydrates and DNA.42 The feasibility of using PCR to detect
DNA targets derived from the mother cell on the surface of
unprocessed B. anthracis spores has been demonstrated with
detection times of between 1 and 2 h and a sensitivity limit of
102 spores per reaction.22,23 We isolated the exosporium, the
outer layer of the spore surface formed by members of the
Bacillus cereus group of organisms which include B. anthracis29,43 using non-destructive sonication. This loose-fitting,
balloon-like layer surrounds the spore and is chemically
complex, consisting of structural elements and material
adsorbed from the mother cell.29
Aliquots of isolated B. anthracis exosporium were mixed
with the fluorescent probe (total sample volume was 30 mL)
and microwave heated on the MAMEF assay platform for 30
s. Similar to previous results (Fig. 3a; Fig. 4a) an increased
concentration of exosporium on the assay resulted in an
increased emission intensity (Fig. 5a). The concentration for
exosporium DNA was in the nanogram per microliter range.
Control experiments, where the anchor probe is omitted to
determine the extent of undesired binding of target exosporium
DNA, show that undesired binding of target DNA to the assay
platform was significantly less than the lowest concentration of
exosporium DNA detected in the main assay (Fig. 5b). Given
that a signal-to-noise (S/N) ratio of 6 [ratio of the emission
intensity for the lowest concentration in the assay (Fig. 5a) to
the highest emission intensity in the control assay (Fig. 5b)] is
obtained here and that a S/N . 2 for fluorescence-based assays
is considered acceptable,44 the actual lower detection limit of
the MAMEF-based B. anthracis DNA assay is extrapolated to
be in the picograms per microliter range. The ability to rapidly
detect picogram amounts of target DNA in the presence of the
complex organic matrix which comprises the exosporium

strongly suggests that the assay may be equally effective in
unprocessed clinical samples.
In addition to the rapid detection of low levels of target
DNA in the presence of organic material, the assay must be
able to distinguish B. anthracis from the other members of the
genetically closely related B. cereus group.45 To demonstrate
the specificity of the assay, exosporium isolated from the B.
cereus type strain (ATCC 14579) was tested for the presence of
target DNA.25 Concentration-dependent fluorescence emission data for the assay (Fig. 6a) and the control sample
(Fig. 6b) encouragingly show constant emission intensity for
an increased concentration of B. cereus exosporium. A plot of
all the data for the B. anthracis and B. cereus exosporium
(Fig. 6c) clearly shows the clear distinction of detection range
for the anthrax exosporium (assay) from the B. cereus (straight
line) and for the noise (control).
Finally, to demonstrate the specificity of the assay for a
sample that contains a mixture of DNA from both strains at
once, a mixture of (same initial concentrations, 50% v/v)
exosporium from B. anthracis and B. cereus was tested for
successful detection of target DNA. Concentration-dependent
fluorescence emission data for the assay (Fig. 7a) show a
significant increase in fluorescence emission with the concentration of exosporium (and fluorescent probe) whereas only a
slight increase in intensity for the control assay (Fig. 7b). A
plot of concentration-dependent emission intensity at 585
shows the range of detection for B. anthracis DNA in a
mixture of exosporium DNA from two Bacillus strains. It is
important to note that the slight increase in the control assay
(Fig. 7b) is due to non-specific biding of exosporium DNA as
seen in Fig. 5b and Fig. 6b.

Discussion
In this paper, we have demonstrated the ultra-fast detection of
Bacillus anthracis specific target DNA using a relatively simple
and inexpensive assay platform technology, microwave-accelerated metal-enhanced fluorescence (MAMEF). MAMEF
technology, a combination of the metal-enhanced fluorescence
technology that increases the sensitivity of fluorescence-based
assays and microwave heating to kinetically accelerate the
biomolecular recognition events, afforded the one-step detection of target DNA on the surface of B. anthracis spores after
only 30 s of very low-power microwave heating.

Fig. 5 (a) Emission spectra of TAMRA-oligo as a function of B. anthracis exosporium concentration after 30 s of low-power microwave heating.
(b) A control sample identical to the left panel but with no surface-bound anchor probe. Sample volume was 30 mL in all experiments.
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Fig. 6 (a) Emission spectra of TAMRA-oligo as a function of B. cereus exosporium concentration after 30 s of low-power microwave heating. (b)
A control sample identical to the top-left panel but with no surface-bound anchor probe. Background fluorescence from SiFs (no TAMRA-oligo) is
also shown. (c) Semi-logarithmic plot of the fluorescence emission intensity at 585 nm for TAMRA-oligo as a function of B. anthracis, exosporium
concentration obtained from Fig. 5. The horizontal line shows the emission intensity at 585 nm obtained from assays using B. cereus (Fig. 6a).
Sample volume was 30 mL in all experiments.

Fig. 7 (a) Emission spectra of TAMRA-oligo as a function of a mixture of B. cereus and B. anthracis exosporium concentration after 30 s of lowpower microwave heating. (b) A control sample identical to the top-left panel but with no surface-bound SH-oligo (anchor probe). (c) Plot of the
fluorescence emission intensity at 585 nm for TAMRA-oligo as a function of target concentration.

The design of the silver nanoparticle-deposited MAMEF
assay platforms makes several key features of the MAMEF
technology possible, including the enhancement of fluorescence emission by localized silver colloids and the localized
1136 | Analyst, 2007, 132, 1130–1138

heating for faster hybridization kinetics. The temperature
change of the solution above the SiFs, due to microwave
heating, was previously determined by our group using
temperature-dependent fluorescent probes.16 For a 30 s
This journal is ß The Royal Society of Chemistry 2007

DNA hybridization assay, it is estimated that the temperature
of the bulk medium above the SiFs increased from 23 to
28 uC.16 The increase in the temperature around the silver
nanoparticles is believed to be higher due to localized heating
around/on the nanoparticles, which results in faster hybridization kinetics. It was also found that 30 s of low-power
microwave heating of DNA in close proximity to silver
nanoparticles did not cause denaturation of DNA strands.46
This was demonstrated using a simple series of experiments:
first, a double-stranded DNA tagged with a fluorophore on
silver nanoparticles was dehybridized by conventional heating
of DNA beyond its melting point and washing of the solution
and, second, microwave heating a new aliquot of the same
complementary strand on silver nanoparticles resulted in a
return of the almost identical fluorescence emission intensities.46 This is attributed to the preferential heating of the silver
nanoparticles and localized dissipation of heat to their
immediate environment resulting in faster hybridization
kinetics but without causing denaturation of DNA.
In addition to the benefits of using silver nanoparticles
mentioned above, silver nanoparticles also provided the means
of attaching the anchor probes to the assay platform through
thiol surface chemistry. That is, the anchor probes are only
present on the silver nanoparticles but not on glass, and
subsequent hybridization of DNA only occurs on the silver
nanoparticles, which is crucial for the enhancement of
fluorescence and the localized delivery of heat by the silver
nanoparticles. Additional surface modifications to glass and
silver nanoparticles were employed to minimize the undesired
binding of non-specific DNA, which could potentially lead to
false positives.
Another interesting feature of the design of the MAMEFbased detection assay for B. anthracis target DNA is that the
anchor and fluorescent probes are designed in such a way that
they bind to the negative strand of the target DNA-specific
sequence (Fig. 2b), but these probes are also able to bind
mRNA transcribed from this strand, potentially increasing the
sensitivity/detectability of the assay.
Finally, the genomic DNA and exosporium DNA used in
this study were obtained following a number of pre-processing
steps. It might be possible to minimize these steps by
employing much higher power and highly focused microwaves,
which are likely to disrupt the B. anthracis spores, and
potentially allow the recovery of the relevant anthrax DNA.
When this approach is incorporated into the MAMEF
detection scheme, the overall two-step anthrax detection could
then be completed in less than a few minutes, a significant
benefit as compared to current technologies which take .2 h.

Conclusions
In conclusion, this study illustrates the two levels of scientific
research conducted for the development of an ultra-fast
anthrax detection system that will affect human life in the
case of an anthrax attack: the proof-of-principle demonstration
of a technology and translation of the technology into a
solution for a real life problem. Firstly, the proof-of-principle
of the MAMEF technology for the ultra-fast detection of
synthetic Bacillus anthracis target DNA was demonstrated.
This journal is ß The Royal Society of Chemistry 2007

The synthetic DNA has a defined length of nucleotides and
purified to remove irrelevant biomolecules. MAMEF-based
detection of ‘laboratory’-derived B. anthracis target DNA
showed a sensitivity of nanomolar concentrations detected
within only a few seconds. Secondly, the translation of the
MAMEF technology to ultra-fast and sensitive detection of
target DNA against a background of genomic DNA was
successfully accomplished. Genomic target DNA present in the
exosporium of B. anthracis spores was detected within a
minute in the nanograms per microliter concentration range
using an assay platform with carefully designed components
and simple, low cost, low-power microwave heating. The
MAMEF technology was able to clearly distinguish between
B. anthracis and B. cereus, a non-virulent close relative. We
believe that this study has set the stage and path for the ultrafast and specific detection of B. anthracis spores with minimal
pre-processing steps using a relatively simple but effective
technology that could minimize casualties in the event of
another anthrax attack.
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